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The photovoltaic (PV) technology has been increasingly used in our energy 
generation. Therefore, it is essential to have a good PV testing facility during 
the development process. The PV emulator (PVE) is a voltage or current 
source that mimic the current-voltage characteristic as a PV module that 
requires proper control strategy to work. The resistance feedback method 
(RFM) control strategy has many good attributes, except the transient 
response, which is caused by the proportional-integral (PI) controller. This 
paper proposed a new fuzzy logic PI (FLPI) controller to improve the 
transient performance of the RFM PVE. It is based on the error adjustment 
method that founded on the transient state and load of the PVE. The 
performance of the proposed PVE is compared with the original PVE that 


Photovoltaic used RFM with the PI controller. The finding of the research shows that the 
Proportional-integral controller transient performance of the proposed PVE has improved 2.3 times 
Single diode model compared to the original PVE without affecting its accuracy. 
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1. INTRODUCTION 

Nowadays, the use of photovoltaic (PV) technology is rapidly increasing [1]. This significant change 
is due to the government policy to reduce carbon dioxide emissions and ultimately reduce the effect of 
climate change. The development of the PV generation system such as solar charger and solar inverter is not 
an easy task. The is due to the low efficiency of the PV module, which results in a high-power requirement to 
test the system. The solar simulator used to test the PV module also has low efficiency. To overcome this 
inefficient testing problem, the PV emulator (PVE) is used. 

The PVE is a voltage or current source that generate a close current-voltage (I-V) characteristic as 
the PV module. Five components need to be considered when it comes to the PVE. One of the components is 
the control strategy. The purpose of the control strategy is to obtain the reference point for the PVE. The 
control strategy determines the reference input of the closed-loop controller for the power converter in the 
PVE based on the load, irradiance, and module temperature. The common control strategy is the direct 
referencing method (DRM) [2]-[4]. The DRM is a simple control strategy and does not require any 
additional algorithm. Nevertheless, it has stability issues at the certain condition and the tuning of the closed- 
loop controller for the power converter is difficult since the control strategy is not robust (the control strategy 
affects the closed-loop controller for the power converter). Numerous control strategies have been suggested 
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to mitigate this problem. Among the control strategies, the resistance feedback method (RFM) has better 
advantages in various performances [5]-[7]. However, the transient performance of the RFM is lower 
compared to the DRM. This is due to the use of the proportional-integral (PI) controller as the closed-loop 
controller for the power converter in the RFM. The fuzzy logic (FL) controller has been implemented in 
many applications and has the potential to overcome this problem [8], [9]. 

There are several approaches to implementing the FL for the power converter. The first approach is 
to use the FL controller alone, as shown in Figure 1. The output of the FL controller determines the operation 
of the buck converter. The output produced is either the duty cycle [10], [11] or the change in the duty 
cycle [12], [13]. However, relying on the FL controller alone may result in inaccurate output [14]. The 
accuracy of the FL controller is improved by combining this controller with the PI or proportional-integral- 
derivative (PID) controller. By referring to Figure 1, the FL controller is used to adjust the gains of the PID 
controller [15]-[17] or adjusting the error before entered the PID controller [18]. Since the main concern for 
the PVE is the accuracy, the fuzzy logic proportional-integral (FLPI) or fuzzy logic proportional-integral- 
derivative (FLPID) controllers are recommended for the PVE. 
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Figure 1. The approach in implementing FL controller for the converter 


Currently, the PVE that uses the FLPI or FLPID controllers is based on the DRM as the control 
strategy. The tuning of the FLPI or FLPID controllers is difficult for PVE using DRM since the DRM is not a 
robust control strategy. The PVE using gain adjustment FLPID controller with the error and the change in 
error inputs requires three separate fuzzy controllers, where each fuzzy controller has 49 rules [17]. The high 
number of rules requires high processing power, this increases the computation time. The high computation 
time needs to be avoided since it can result in a fail emulation. The PVE using gain adjustment FLPI 
controller with the resistance input has a low number of rules [15]. Nevertheless, the tuned fuzzy controller 
may change at different irradiance. This method is improved using resistance and irradiance as input for the 
FLPI controller [19]. However, the complex relationship between the resistance, irradiance, and PI gains 
resulting the used of the artificial neural network to tune the FL controller. This requires large data and data 
training. The PVE using error adjustment FLPI controller with the error and the change in error inputs 
requires a high number of rules [18]. Still, this method has a good transient response. 

The DRM has a fast response as the output resistance increases. This is due to the large reference 
input produce during the transient state, which produces a very large error and causing the PI controller to 
respond faster. Since RFM response slower as the output resistance increases, the fast characteristic of the 
DRM during high output resistance is needed in the RFM. The large error during the transient state and high 
output resistance is realized by implementing the FLPI controller based on error adjustment into the RFM. 
The rules for the FLPI controller are simpler since the RFM is not affected by the irradiance and the transient 
characteristic is predictable. 

This paper proposed a new type of FLPI controller for the PVE using the RFM control strategy. The 
new FLPI is based on the error adjustment output and resistance-state input, which is based on the transient 
characteristic of the DRM. The proposed RFM PVE using the FLPI controller is compared with the original 
RFM PVE using the PI controller. The closed-loop current-controlled buck converter system is used for the 
PVE and it operates in the continuous current mode. The common single diode model with the 255 W power 
rating is used for the PVE. The proposed FLPI controller needs to have three inputs, which is the reference 
input, error, and output resistance. The reference and error inputs are used to detect the transient state. While 
the output resistance input is to detect the load condition. The aim is to produce a large error for the RFM 
during the transient period and high output resistance. The proposed method is expected to have a low 
number of rules for the FL controller and a good transient response for a wide load range. The next section 
reviews the methodology of the proposed RFM PVE using the FLPI controller. Section 3 shows the original 
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RFM PVE using the PI controller. Section 4 analyse the results and discuss the findings. The last section 
concludes the results based on the objectives. 


2. PROPOSED PHOTOVOLTAIC EMULATOR 

The proposed PVE uses the RFM integrated with the new FLPI controller that used transient state 
input to improve the transient performance. The PVE consists of various components such as the control 
strategy, current-resistance (I R) PV model, buck converter, PI controller, and FLPI controller. The 
contribution of the proposed PVE is on the new approach on designing the FPLI controller. 


2.1. Control strategy 

The proposed PVE is based on the RFM control strategy integrated with the FLPI controller. The 
FLPI controller is a new approach due to the state, St, input shown in Figure 2. The output voltage (V) and 
output current (Io) is measured at the load. The output resistance (Ro) is digitally calculated and the result is 
used by the I-R PV model to calculate the reference current, Zes. The Lef is compared with the Io to produce 
the error, e. The transient state, S, is calculated using (1). The St shows the current transient phase, in which 
zero is the initial phase and one is the final or steady phase. The FL controller obtains the Ro and S; and 
produces the error gain, Ke. The Ke is multiplied with the e and the adjusted error, eaaj, is given to the input of 
the PI controller. The PI controller uses the ea and generate the duty cycle, D, and the corresponding 
switching pulse, sp is generated by the pulse width modulation (PWM). The sp switches the MOSFET in the 
buck converter, which changes the V, and Zo. The process is repeated until Zeis equal to Zo. 


Sp =1- |e|l/lef (1) 
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Figure 2. The proposed PVE using the RFM integrated with the FLPI controller 


2.2. Current-resistance photovoltaic model 

The RFM method involves a special kind of PV model named the I-R PV model [20]-[22]. This is 
different from the conventional PV model, which uses voltage or current as the input. The original I-R PV 
model is based on the look-up table since it cannot be solved by the standard Newton-Raphson method [22]. 
Then, this model is computed using the reverse triangular number [21], with a high computation requirement. 
The computation is improved using a root-finding method called the binary search method [20]. Therefore, 
the binary search method is chosen to compute the I-R PV model. The I-R PV model has PV resistance, Rp, 
as the input and PV current, Ip, as the output, as shown in (2). Several theoretical parameters such as 
saturated current (J;), series resistance (R;), parallel resistance (R,), ideality factor (A), and thermal voltage 
(V) are obtained using the parameter extraction method. 


Ipo = lpn — ls [exp (2E2=9) _ 1) — 2E (2) 


Ve Rp 
2.3. Buck converter 

The buck converter shown in Figure 3 is intended to operate in the continuous current mode and the 
output voltage ripple factor, yvo, is less than 1%. These two desired specifications are determined by the 
inductance (L) and capacitance (C). The L and C are calculated using (3) and (4), respectively [23]. The input 
voltage, Vi, needs to be higher than the output voltage during maximum output resistance (Ro max), Wo Ro_max- 


The switching frequency, fs, is set to 30 kHz. While the minimum duty cycle, Dmin, is set to 0.2, which higher 
Dmin reduce the C and enhance the transient performance. The L and C are 210 uH and 150 uF, respectively. 


Vo_Ro_max 
(1- VW; =) Ro max 
i 


— (3) 
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1-Dmin 
z (4) 
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Figure 3. The schematic circuit of the buck converter 


2.4. Proportional-integral controller 

The transfer function of the PI controller, G(s), is shown in (5), which consist of proportional gain 
(Kp) and integral gain (Ki). To properly adjust the K, and Kj, the transfer function of the buck converter, 
G,(s), is needed, as provided in (6). The K, and K; are designed by utilizing the single input single output 
(SISO) tools provided in the simulation software. 


a(s) _ KpS+Kj 
é f(s) ~ s 


G,(s) = (5) 


_ ĉo) _ Vi ac) 
Gy(s) = d(s) Ro 82+(RoC)~15+(LC)~2 


(6) 


2.5. Fuzzy logic controller 

The proposed FLPI controller is a new approach based on the St input. This FLPI controller is based 
on the property of the DRM. However, the instability problem faced by the DRM is removed by 
manipulating the rules in the FL. Since the PVE requires both V, and J, sensors, the Ro input for the FL 
controller is not a problem. 

The FL controller consists of dual inputs and single output. The input of the FL controller is the R, 
and St. While the output of the FL controller is the Ke, which is multiply to e and goes into the PI controller 
to become the FPLI controller. The FP controller requires nine membership functions, which each input and 
output consists of three membership functions, as described in Figures 4 (a)-(c). Various types of 
membership functions can be used and the performance is not significantly affected by the type of the 
membership function used. For this FL controller, the two Gaussian membership functions are chosen for all 
input and output. The St range is set from zero to one, in which zero is the initial state in the transient period 
and one is the final stage of the transient state. The R, input is set within the range of load for the PVE, which 
is from 1 Q to 18 Q. The K. output needs to start from one. The upper limit depends on the stability of the V, 
and Zo. For this case, a maximum K; of five is the maximum to create a stable output at the lower Ro. 

After the membership functions are implemented into the FL controller, the rules need to be 
configured. The FL rules matrix is shown in Table 1. When the Ro is low, the Ke is unity, which means that 
the PI controller works normally. As the Ro increases, the Ke increase when the S, is low. Nonetheless, as the 
S, reaches a steady period, the Ke becomes unity to avoid instability problems. 
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Figure 4. The membership functions of the FL controller (a) transient state, S: (b) output resistance, Ro, and 
(c) error gain, Ke 
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Table 1. The FL rules matrix 
Output Resistance/Transient State Initiate Rising Steady 


Low Unity Unity Unity 
Medium Mild Mild Unity 
High Harsh Mild Unity 


3. ORIGINAL PHOTOVOLTAIC EMULATOR 

The original PVE is the RFM using the PI controller [5]. The design of the original PVE is similar to 
the proposed PVE except for the control strategy, in which the PVE lack of FL controller. The control 
strategy for the original PVE is shown in Figure 5. All the parameters used in the original PVE are similar to 
the proposed PVE to ensure a fair comparison. 


Figure 5. The proposed PVE using the RFM integrated with the PI controller 


4. RESULTS AND DISCUSSION 

The objective of the proposed PVE is to improve the transient performance of the original PVEs. 
Therefore, the transient response is analyses for both the proposed and the original PVE. Nevertheless, 
accuracy is a main factor for the PVE. Therefore, the accuracy for both proposed and original PVEs is tested 
to ensure both PI and FLPI controllers do not affect the accuracy of the PVE. 


4.1. Accuracy 

The accuracy is a significant feature for the PVE. A good closed-loop controller for the power 
converter should be able to produce V, and J, similar to a PV model [24]. By referring to Figure 6 (a), both 
proposed and original PVEs can mimic the I-V characteristic curve of the PV model. This demonstrates that 
the proposed and original PVE can operate correctly. Nonetheless, this result has low sensitivity when it 
comes to error analysis. Therefore, the percentage current error, ei», is calculated using (7). 


ein = [lo — Ipv|/Ipv X 100% (7) 


The ei% is analysed at various R, and the result is plotted in Figure 6 (b). The result shows that the 
maximum ej is 1% at low Ro. After 6 Q, the ei» is only around 0.15%. The reason ei» is high when the Ro is 
low is because of the yyo. By referring to (4), lower D gives higher yy, when the C is kept constant. Since the 
D of a PVE is low when the R, is low, this results in a higher yy,. This results in a higher ej. The result also 
shows that proposed and original PVEs has similar ej. This means that the proposed FLPI controller with S, 
input does not affect the accuracy of the PVE. 
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Figure 6. The accuracy of the PVE using the conventional PI and proposed FLPI controllers at 1000 W/m? 
and 25 °C (a) the I-V characteristic curve and (b) the corresponding ei% against Ro 
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4.2. Transient response 

The transient performance of the PVEs is measured using the settling time, f,, which the settling 
time is the time taken for the J, to reach 2% within its final value [25]. The ts is observed for both proposed 
and original PVEs at the minimum and maximum R,, 1 Q and 18 Q, respectively. The waveforms of the J, 
are shown in Figure 7(a) and Figure 7(b). 


(A) 


o 


Proposed PVE (FLPI Controller) | 7 Proposed PVE (FLPI Controller) 
— — — Original PVE (PI Controller) l — — — Original PVE (PI Controller) 


Output Current, l (A) 
A 
Output Current, | 


0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05 
Time, t (s) Time, t (s) 


(a) (b) 


Figure 7. The waveform of J, against time for the conventional PI and proposed FLPI controllers (a) 1 Q 
output resistance and (b) 18 © output resistance 


When the Ro is 1 Q, the t, for the proposed and original PVEs is 1.2 ms and 1.7 ms, respectively. At 
low Ro, the transient response is almost similar for proposed and original PVEs. This is because the proposed 
FL controller produces one Ke, which mean that the eaaj is equal to e, resulting in a similar result to the PI 
controller. However, when the Ro is 18 Q, the ts for the proposed and original PVEs is 7.9 ms and 18.3 ms, 
respectively. This shows that the proposed PVE is 2.3 times faster compared to the original PVE. This is due 
to the proposed FL controller that increases the Ke during the transient period, increasing the eq, and 
producing a faster response. 


5. CONCLUSION 

The objective of this study is to investigate the potential of the FL controller for the PVE that used 
the RFM control strategy. The original RFM uses the PI controller, which has a slower transient response as 
the load increased. The FLPI controller is introduced to overcome this problem. A new type of FLPI 
controller is introduced that requires a low number of membership functions and rules, which relates to a 
lower computation burden. This controller is based on the error adjustment technique, load, and transient 
state. The proposed FLPI controller for the PVE is proven to be effective since the transient response is 2.3 
times faster compared to the PI controller when the load is high. The accuracy of the PVE is also not affected 
by the proposed FLPI controller. In conclusion, the proposed FLPI has a low computation burden and fast 
transient response without affecting the accuracy of the PVE. 
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